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Executive Summary

In recent years, electrical resistivity of concrete has gained increasing attention as a rapid
durability and performance index due to its documented correlation with a number of durability-
related parameters such as corrosion rate of steel reinforcement and transport properties of
concrete. This report presents part of a larger experimental investigation with the main goal of
studying the major factors that affect electrical resistivity measurements using the four-point
Wenner technique. These factors include: (1) embedded reinforcement properties (cover depth
and rebar spacing); (2) discrete cracking; (3) probe configuration with respect to a crack and
rebar mesh; (4) delamination of concrete cover; and (5) chloride-induced corrosion of steel
reinforcement. However, this report focuses only on the effect of rebar, and the relationship
between electrical resistivity measurements and corrosion of steel reinforcement. The results of
the larger experimental investigation that studied the effects of all other factors on electrical
resistivity measurements are reported in the thesis of Morales (2015)*.

The effects of steel reinforcement and chloride-induced corrosion initiation on the
electrical resistivity measurements using the Wenner probe technique were studied
experimentally on custom-designed reinforced concrete slabs. Experimental results showed that
the concrete moisture condition and cover thickness influenced the effect of rebar mesh on
electrical resistivity measurements. Uncoated rebar affected resistivity measurements,
particularly for saturated and semi-saturated concrete. However, it was observed that epoxy
coated rebar did not significantly affect measurements. It was hypothesized that bound chlorides

increased electrical resistivity measurements and counteracted the effect of free chlorides. As

1Morales, M. (2015). “Experimental Investigation of the Effects of Embedded Rebar, Cracks, Chloride Ingress and
Corrosion on Electrical Resistivity Measurements of Reinforced Concrete,” MS Thesis, Oregon State University,
174 pp.



chloride ingress progressed, electrical resistivity measurements did not necessarily decrease, but
rather increased or stayed approximately the same. It is assumed that the bound chlorides may
impact electrical resistivity more than free chlorides, in that bound chlorides may be creating for
discontinuity within the concrete pore network, counteracting the effect of free chlorides, and
increasing electrical resistivity measurements. Crystallization of the bound chlorides may also be
aiding in the effect of electrical resistivity of concrete.

Corrosion initiation was observed to have no significant effect on electrical resistivity
measurements. Larger concrete cover thicknesses provided for more discrepancy between half-
cell potential and electrical resistivity measurements. After corrosion initiation, the correlation
between half-cell potential and electrical resistivity values was observed to decrease with
increasing cover thickness. This could be due to the larger distance between embedded rebar and
the concrete surface, or greater variability within the concrete cover in terms of chloride ingress
and bound chlorides.

For future research, it is suggested that measurements are conducted over an epoxy
coated rebar reinforced concrete slab with its own unreinforced section in order to identify the
effects of epoxy coated rebar, as well as chloride ingress and chloride-induced corrosion for
epoxy coated rebar mesh, on electrical resistivity measurements. It is also suggested to conduct
chloride profiling for reinforced concrete slab specimens during chloride ponding in order to
better quantify the ingress of chlorides and correlate the effect of chloride ingress on electrical
resistivity measurements. The effects of advanced levels of corrosion on the electrical resistivity
measurements need to be further studied to understand if (1) corrosion affects resistivity
measurements in later stages of deterioration, and (2) corrosion can be detected using electrical

resistivity measurements.



Chapter 1 Introduction

1.1 Background

Concrete is the most widely used construction material in the world. With its annual
production exceeding 10 billion tons globally [1], it is used to construct structures that constitute
much of the infrastructure in modern societies. For example, there are over 350,000 reinforced
concrete bridges in the United States alone, and average age of these bridges is between 40 and
50 years [2, 3]. In order to manage the issue of ageing infrastructure, State and Federal
regulations mandate that these structures are regularly inspected to ensure their safe operation —
bridges, for instance, must be inspected one every two years in most jurisdictions. Unfortunately,
the large number of reinforced concrete structures and the limited number of qualified inspectors
restrict the duration and quality of individual inspections, especially when inspections warrant
unwanted traffic disruptions [4, 5]. Therefore, most routine inspections are in the form of rapid
visual surveys, which do not generally provide accurate assessments of the durability condition
of concrete [6, 7]. The traditional non-destructive testing methods (NDTSs) are time consuming,

and in most cases, do not assess the durability properties of concrete accurately [4, 8].

In recent years, electrical resistivity of concrete has gained increasing attention as a rapid
durability/performance index due to its documented correlation with a number of durability-
related parameters such as corrosion rate of steel reinforcement [9-12] and transport properties of
concrete [13-17]. The four-point Wenner probe technique is a practical method for measuring the
electrical resistivity of concrete from its surface in seconds without the need for coring samples.
Typical Wenner probes consist of four linearly aligned probes. The two outer electrodes induce

an alternating current (AC) into the concrete, I (mA). The two inner electrodes then measure the



potential difference, AV (V), resulting from the induced AC electrical current [4, 18, 19], as

illustrated in Figure 1. The resistivity of the concrete, p (k€-cm), is then calculated via:
AV
©=2¢u T (1.2

where a (cm) is the probe’s electrode spacing, to output an electrical resistivity value of the
concrete, p, expressed in kiloohm-centimeters (kQ-cm) [4, 18-21]. Typical electrical resistivity
values for concrete vary from 1 to 1000 kQ-cm depending on its composition and moisture
content [22-24]. Equation (1.1) assumes homogeneity and isotropy of the medium, semi-infinity
of the conductive volume, and that the electrodes have point contact with the medium [19]. To
reduce noise and time spent when measuring electrical resistivity of concrete, commercial

Wenner probes use frequencies greater than 10 hertz (Hz).

At these higher frequencies, embedded reinforcement provides alternate impressed
current paths, because it is more conductive than concrete. Discrete cracks, depending on their
electrical conductivity and location, might also alter current paths and impose geometrical
restrictions on the semi-infinite domain assumption. Due to the redirection of current pathlines as
well as short-circuiting due to rebar, the presence of both cracks and rebar may introduce even
greater error to electrical resistivity measurements. Despite their importance, these effects have

not been studied in realistically detailed and controlled large-scale experimental studies.



Current flow lines

(b)

Figure 1.1 Equipotential and current flow lines due to the contact of the Wenner

probe to the concrete’s surface [25]

One factor that has not been studied so far is the effect of reinforcement corrosion
initiation on electrical resistivity measurements using the Wenner probe technique. Corrosion is
an electrochemical process that induces electrical currents within the concrete where electrical
resistivity measurements are also taken through imposed AC currents. The interaction of these
processes might possibly have an effect on the electrical resistivity measurements. As side
implication of this would also be that electrical resistivity measurements can be used to detect
corrosion initiation if this effect can be demonstrated clearly. In addition, during early stages of
corrosion, corrosion products that form on steel reinforcement might change the role of rebar on

electrical resistivity measurements: At typical operating frequencies of commercial Wenner



probes, corrosion products on steel might have an insulating effect, diminishing the role of
reinforcement on the electrical resistivity measurements. At advanced stages of corrosion,
expansive corrosion products might fill concrete pores and cause cracking, altering electrical
resistivity measurements. These effects are yet to be studied.

1.2 Obijectives and Scope of the Report

This report presents a part of a larger experimental investigation with the main goal of
studying the major factors that might affect electrical resistivity measurements using a four-point
Wenner probe on a realistically-designed large-scale reinforced concrete slab. These factors
include:

= embedded reinforcement properties (cover depth and, rebar spacing);
= discrete cracking (crack type and depth);

= probe configuration with respect to a crack and rebar mesh;

= delamination of concrete cover;

= chloride-induced corrosion of steel reinforcement.

This report focuses only on the relationship between electrical resistivity measurements
and corrosion of steel reinforcement. The results of the larger experimental investigation that
studies the effects of the other factors on electrical resistivity measurements are reported in the
thesis of Moreles [26]. Although these additional aspects of the larger investigation are not
presented in this report, a comprehensive literature review is provided.

It should also be noted that the effect of corrosion on electrical resistivity measurements
is studied during the early stages of chloride-induced corrosion, specifically, the corrosion
currents and initial corrosion products that form on reinforcement. The study of advanced stages

of corrosion that manifest, in the form of expansive corrosion products filling concrete pores and



inducing internal cracks, is not part of the current investigation. Moisture and temperature of the
concrete is not systematically investigated, but is accounted for when conducting electrical

resistivity measurements.



Chapter 2 Literature Review
Electrical resistivity measurements of reinforced concrete structures through the use of a
four-point Wenner probe is a practical method to assess the durability of concrete, however,
there are many confounding factors that may affect the accuracy of its readings, which are
presented in this chapter.

2.1 The Effect of Rebar

Millard [27] and Gower and Millard [28] studied the effect of rebar diameter and spacing,
as well as the effect of concrete cover thickness on electrical resistivity measurements using a
four-point Wenner probe. Millard’s experimental investigation consisted of tanks filled with
conductive solution and steel rebar placed parallel to one another within the solution. Probe
measurements were taken in between rebar and parallel to rebar at different distances away from
the rebar. The main influencing factor was found to be the distance taken away from the rebar,
while rebar diameter was not found to be significant in its disturbance. Reduced rebar spacing
was found to increase measurement errors. The experimental investigation lacked the use of
actual concrete and did not investigate different probe configurations with respect to the rebar or
rebar mesh.

Carino [29] provided a summary of the literature for nondestructive test methods when
assessing reinforced concrete and stated how reinforcing bars affect electrical resistivity
measurements in that the apparent resistivity was lower than the true resistivity value. Carino
also restated how concrete cover thickness and the effect of embedded rebar had a strong
correlation in that with smaller cover thickness will create for greater error. It was also suggested
to take readings midway between two rebar, and suggested that when concrete cover thickness

and rebar spacing were small, that a correction factor was possible when the diameter and



location of the reinforcement was known. The correction factor was not explained in detail. No
experimental research was conducted, and no recommendations were provided for the presence
of rebar mesh.

Weyder and Gehlen [30] studied the effects on Wenner probe electrical resistivity
measurements on reinforced concrete blocks in which rebar was spaced parallel to one another. It
was found that orienting the probe orthogonally with respect to the embedded rebar, errors on
electrical resistivity measurements were reduced. This study lacked the investigation of the effect
of rebar mesh and only studied where rebar segments were parallel. It is more common in
reinforced concrete structures that rebar is in mesh form spanning both transversely and
longitudinally within the concrete, which then may have different influences on measured
electrical resistivity than the effect of parallel rebar spanning in only one direction.

Polder’s work [31] led to the development of best practices and suggestions for the
RILEM TC 154-EMC [32] technical recommendation for taking on-site electrical resistivity
measurements. It was stated that errors by a magnitude of two to six-times that of true resistivity
can be made from placing all four electrodes over an embedded rebar at 10 or 20 millimeters
(0.39 inch or 0.79 inch) depth. It was also warned that if one of the four electrodes was near an
embedded rebar, errors will result. Due to the lack of studies on rebar mesh, it was suggested that
measurements with a four-point Wenner probe are taken diagonally on the surface of the
concrete within the rebar mesh boundary in order to achieve the furthest distance away from the
embedded rebar. It was also suggested that five measurements, each a few millimeters in
distance from one another, is collected for the area of concern on the surface of the reinforced
concrete structure and the median of the five measurements should be stated as the resistivity

value for the concrete for that particular area. No recommendations were given for when it is not



possible to fit the probe diagonally within the rebar mesh boundary in the condition where rebar
spacing is small. These suggestions were created from summarizing existing literature, however,
no experimental work was done in addition to the literature review.

Sengul and Gjorv [33] conducted an experimental investigation to understand the effects
of cover thickness, electrode spacing, embedded rebar, probe measurement directions relative to
the embedded rebar, and probe measurement distance away from the embedded rebar. Four-point
Wenner probes, each with different electrode spacing, were used to conduct the electrical
resistivity testing for reinforced concrete test specimens as well as for field measurements on
concrete structures. Five different probe configurations with respect to embedded rebar were
considered, where four of the five configurations were parallel to rebar, and the fifth was
perpendicular to rebar. It was concluded that embedded rebar and electrode spacing affect
observed resistivity of concrete. For larger electrode spacing, parallel measurements with respect
to embedded rebar significantly reduced observed resistivity, whereas when measurements were
made perpendicular to rebar, there were no significant effects to observed resistivity. Sengul and
Gjorv [33] suggest that all measurements should be taken as far away as possible from embedded
rebar, and if dense reinforcement makes this impossible, electrode spacing should be kept small
relative to cover depth. Similar to Gowers and Millar’s [10] study, only one rebar was placed
within the reinforced concrete block and rebar mesh was not simulated for the laboratory
experimental investigation. Rather than sizable reinforced concrete slabs, the measurements were
conducted on small specimens which possibly contributed errors to the study due to edge effects.

Presuel-Moreno et al. [34, 35] conducted numerical and experimental investigations
involving the effect of the orientation and location of Wenner probe resistivity measurements

with respect to embedded rebar. The investigation also involved the effect of the number of



embedded rebar on measurements. This research is an example of the few studies taking into
account rebar mesh rather than studying the effect of a single rebar within concrete, as well as
the angle of the Wenner probe with respect to rebar (not just parallel and perpendicular
configurations). Five different orientations were studied for the presence of rebar mesh, and six
different orientation were studied for the presence of a single rebar. From the experimental and
numerical results, it was observed that when more than one rebar was present, as in rebar mesh,
observed resistivity was significantly reduced. This showed the importance that investigations
should be conducted considering rebar mesh when assessing effects on electrical resistivity
measurements using a four-point Wenner probe. However, only one rebar mesh density was
considered in the study, where smaller rebar to rebar spacing may have different effects on
electrical resistivity measurements. Also, most of the probe configurations were investigated
within the square created by the four rebar segments. Further investigation in probe configuration
with respect to rebar within rebar mesh was not conducted. Different rebar mesh densities and
concrete cover thicknesses were also not considered in the study.

Salehi et al. [36] numerically investigated the effect of the presence of rebar mesh in
concrete on electrical resistivity measurements conducted with a four-point Wenner probe. The
effects of different concrete thicknesses, slab thicknesses, rebar diameter, rebar mesh densities
and probe configurations with respect to the rebar mesh were studied. From numerical results, it
was found that configuring the probe parallel to the top rebar within the rebar mesh (rebar closest
to the concrete surface) and perpendicular to bottommaost rebar achieved the smallest error when
measuring electrical resistivity of concrete in the presence of rebar mesh. This configuration is

represented in Figure 2.1.
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Figure 2.1 Probe configuration with respect to rebar mesh suggested to reduce electrical

resistivity measurement error by Salehi et al. [36]

It was also concluded by Salehi et al. [36] that the effect of rebar diameter on electrical
resistivity measurements was negligible. As rebar mesh densities increased, it was found that the
observed resistivity decreased. There was no experimental investigation to confirm the
conclusions based on the numerical study results, but it was one of the few investigations that
includes rebar mesh and probe configuration with respect to rebar in its assessment of the effects
of reinforcement to electrical resistivity measurements.

Chen et al. [37] experimentally investigated the influences of specimen shape and size,
electrode spacing, and cover thickness on electrical resistivity measurements made with a four-
point Wenner probe. It was suggested that a correction factor should be applied to resistivity
measurements corresponding with the ratio of specimen length to electrode spacing as well as the
ratio of specimen diameter to electrode spacing for cylindrical concrete specimens. For prismatic
specimens, it was concluded that no correction was necessary with the contingency that the
applied current did not pass through the reinforcement. The study did not observe larger
specimens or specimens containing more than a single rebar.

10



Garzon et al. [18] experimentally and numerically investigated the effect of embedded
rebar on electrical resistivity measurements using the four-point Wenner method. For the
experimental investigation, small scaled cylindrical and prismatic specimens were created using
a mortar mixture (sand, water and cement). It was concluded that taking measurements directly
above rebar was not advantageous, in that polarization will occur due to a double layer at the
steel and concrete interface acting as a resistance-capacitor. Suggestions were made to apply a
rebar factor to observed resistivity measurements. However, the experimental study did not
include the investigation of a reinforced slab, but only reinforced prismatic and cylindrical
specimens. The numerical investigation of a slab with rebar lacked the confirmation of an
experimental investigation. The experimental study also used mortar mixture (no coarse
aggregate) instead of a concrete mixture for the medium the steel was contained, which is not
exactly representative of real-world reinforced concrete structures, and may incorporate more
error.

Lim et al. [38] numerically and experimentally studied the effect of rebar on electrical
resistivity measurements conducted by a four-point Wenner probe. The numerical model
included the parameters: cover depth, rebar diameter, electrode spacing and the resistivity of
concrete and reinforcement. The study only investigated one probe configuration which was
taken directly above and parallel to a single rebar. Lim et al. proposes a quantitative index in the
form of a geometric effect rate. The geometric effect rate is suggested to evaluate the effect of
reinforcement geometry and is calculated using a resistivity estimation model. The geometric
effect rate ranges from 0 to 1, and attempts to display how reinforcement will affect electrical
resistivity measurements on concrete under the same conditions. The experimental investigation

was conducted to confirm numerical results and the applicability of the geometric effect rate for
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on-site measurements. For the experimental investigation, prismatic mortar specimens containing
a single rebar for different concrete cover thicknesses (20 mm, 30 mm and 40 mm) and different
rebar diameters (13 mm, 19 mm and 25 mm). To remove the mill scale from the rebar segments,
the rebar segments were immersed in a diammonium citrate solutions for two days. The mortar
prismatic specimens were cured for 45 days before the first measurements were taken. To control
moisture conditions of the specimens and reduce measurement errors, the outside of the
specimens was coated with an epoxy resin. To achieve a proper connection, a conductive gel was
applied to the four electrodes of the probe. True concrete electrical resistivity was assumed to be
the readings for measurements taken directly above the rebar for a cover thickness of 100 mm. It
was concluded that the geometric effect rate increased with increasing rebar diameter and
increasing electrode spacing, and decreased with increasing concrete cover thickness. Although
this numerical investigation was followed by an experimental investigation, the experimental
investigation was not realistic. Mortar is not completely representative of concrete. Only a single
rebar instead of rebar mesh was considered, as well as a single probe configuration with respect
to rebar. Other errors could have derived from the assumption that reinforcement under a 100
mm thick mortar cover did not affect electrical resistivity measurements. These readings were
used in place of true concrete resistivity, and may have distorted the observed effects of
geometric parameters of reinforcement in concrete. The epoxy coating on the mortar specimens
may also have introduced error to electrical resistivity measurements in that a barrier is
separating the electrodes from contacting the mortar.

2.2 The Effect of Cover Cracking

Chouteau and Beaulieu [39] numerically modeled electrical resistivity measurements for

reinforced concrete structures under the conditions of cracking and delamination. It was found
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that electrical resistivity measurements where different from when cracking and delamination
were present to when they were not present. This observation led to the conclusion that electrical
resistivity could be used to identify delamination at early stages. The electrical resistivity
measurements were conducted on reinforced concrete structures using 21 linearly aligned
electrodes rather than a four-point Wenner probe setup in order to compare the numerical study
to an experimental study. The effect on resistivity measurements were not studied systematically,
but was only identified as being dissimilar when cracking was present.

Lataste et al. [40] investigated the ability of electrical resistivity measurements to identify
and locate cracks and spalling in concrete. This experiment involved on-site measurements on a
reinforced concrete slab with durability concerns as well as electrical resistivity measurements
conducted in the laboratory on a cracked reinforced concrete beam. Specific studies were
conducted in order to differentiate the influence of the crack characteristics, such as crack depth,
crack opening and bridging degree between crack lips, on electrical resistivity measurements
which were computed numerically and confirmed experimentally. The electrical resistivity
measurements were conducted through the use of four electrodes arranged in a square, rather
than linearly as in the Wenner probe arrangement. The square electrode array and instrument
setup was to allow for the ability of taking measurements in two perpendicular directions without
having to rotate the probe between measurements. In order to change electrical resistivity
measurement directions, the use of a switch was involved.

Lataste et al. [40] found that when an insulated crack was present, measurements would
either be underestimated or overestimated of true resistivity depending on the direction of the
imposed current. When current was imposed parallel to the insulated crack, the observed

resistivity was less than true resistivity, and conversely, when current was imposed perpendicular
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to the insulated crack, the observed resistivity was greater than true resistivity of the concrete.
For a conductive crack, parallel measurements underestimated resistivity, and perpendicular
measurements was found to have no significant effect on resistivity measurements. As the depth
of the crack increased, it was concluded that the effect on measurements increased. Although
various cracks were accounted for within this study, it was assumed that rebar was independent
of the crack influence despite width or depth of the crack, which may not be the case for the
presence of rebar mesh and a deep, conductive crack. Also, the measurements were conducted
with a less common square electrode array rather than the Wenner probe array, which could
create for different errors and analysis of crack effects on electrical resistivity measurements.
Goueygou et al. [41] compared electrical resistivity to the transmission of ultrasonic surface
wave measurements in the ability to detect, characterize and localize induced crack patterns.
Cracks were created by bending concrete beam specimens using a three-point bending setup in
order to localize one main crack within the concrete. It was concluded that both techniques were
able to localize the main crack within specimens. Due to complex crack patterns, the depth of the
crack was not estimated; therefore, crack depth was not able to be evaluated by either technique.
The electrical resistivity setup was the same square probe used in the Lataste et al. study [40], as
previously depicted in Figure 1.8, and not the Wenner probe.

Shah and Ribakov [42] assessed the ability of electrical resistivity measurements
conducted with a square probe, as in Figure 1.8, to detect and locate cracks and spalling. Both
experimental and numerical studies were conducted. The experimental studies involved
laboratory specimens, a set of five cubic concrete specimens, one solid, and the other four
defected or flawed with an artificial crack the shape of a penny and parallel to the free surface for

varying lengths and depths. Another experimental study involved taking resistivity
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measurements on-site using a small area on a 40 year-old reinforced concrete slab where
cracking was present. Crack depth and differentiating insulative and conductive cracks were
studied numerically. It was concluded that insulative cracks resulted in larger observed resistivity
and conductive cracks resulted in lower observed resistivity where certain probe configurations
were more sensitive to conductive cracks. For shallow cracks, there was a fair correlation
between experimental and numerical data. For on-site experimental data and numerical work,
crack depth and opening variations had similar qualitative disturbances on electrical resistivity
measurements.

Dunn et al. [43] investigated five nondestructive test methods, one of which was
electrical resistivity using a four-point Wenner probe, on nine different reinforced concrete
bridge decks. The objective of the experimental investigation was to determine the strengths and
weaknesses of each nondestructive test method in assessing causes for deck delamination. Two
bridge deck assessments were compared and it was found that for one bridge deck, the primary
cause for delamination was corrosion, and for the other bridge deck, the causes for delamination
were both corrosion and repeated high deflections. These conclusions were validated by taking
concrete core samples from the areas of concern as indicated by the nondestructive test methods.
The impact echo test method was indicated as an accurate method in identifying delamination.
Although electrical resistivity was referenced as a good indicator of a corrosive environment,
there was no specific assessment of the ability of electrical resistivity to identify delamination.
Corrosion activity and delamination were within the same regions for one sample bridge deck,
but the correlation between electrical resistivity measurements and identifying delamination was
not suggested or made. It was suggested that more than one nondestructive technique should be

used when assessing probable causes of bridge deck delamination for greater accuracy.
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Wiwattanachang and Giao [44] studied the ability of electrical resistivity measurements,
using a Wenner array on concrete specimens, in identifying crack direction and depth. Two types
of cracks were investigated involving artificial cracks made up of plastic sheets which were
inserted into the concrete to simulate insulative cracks, as well as cracks developed by a four-
step loading test on the tension face of the concrete beams. Resistivity measurements were
corrected for the beam geometry of specimens. Measurements taken where cracks were located
for both crack types increased observed resistivity. Crack depth and direction was able to be
accurately determined by the mini-electric imaging survey conducted with a Wenner probe.
Although insulative cracks were investigated, conductive cracks were not. The purpose of this
study was to detect cracks rather than to develop correction factors for observed resistivity when
assessing the true resistivity of concrete. Different probe configurations with respect to a crack
and its systematic effect on resistivity measurements were not investigated.

Taillet et al. [45] assessed cracks and other discontinuities, such as joints, in massive
concrete structures within preexisting boreholes using electrical resistivity. They cautioned
against using the experimental investigation towards solid massive concrete bodies such as dams
and locks due to limitations of depth into concrete that can be assessed using a technique most
common for surface damage assessment. A numerical and experimental investigation was carried
out, where the experimental results supported the numerical modeling. This study’s objective
was to detect cracks rather than to correct for them. It is also noted that a DC current was used
rather than an AC current, which may have imposed polarization and affected results
unfavorably.

Salehi et al. [46] numerically studied the effect of different types, depths, and widths of

cracks on electrical resistivity measurements conducted with a four-point Wenner probe. This
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was one of the few studies to incorporate both the presence of cracks and rebar mesh in the
investigation. Conductive and insulative crack types were studied, where conductive was
assumed to be a crack filled with water, and an insulative crack was assumed to be a crack
without bridging and filled with air. The Wenner probe orientation with respect to a crack was
also numerically investigated. Measurement errors were found to be a maximum of 200% higher
than true resistivity of concrete for the presence of an insulated crack between the two inner,
potential difference electrodes. Errors were observed to be lower as crack depth for insulative
cracks decreased. For conductive cracks, on the other hand, decreasing crack depth did not
noticeably affect electrical resistivity measurements. Measured electrical resistivity was observed
to be lower than true resistivity for conductive cracks despite the probe configuration with
respect to the crack. For insulative cracks, no clear under or over-measurement was observed. It
was observed that when rebar mesh was present, the crack and rebar acted independently of one
another, where rebar reduced the measured conductivity of concrete. Although Salehi et al. [46]
provided a thorough numerical investigation of the effect of cracks for multiple differences in
unreinforced and reinforced concrete, the numerical results were not confirmed with an
experimental study.

2.3 The Relationship between Resistivity and Chloride Transport

Gowers and Millard [10] reported that the presence of chloride decreases the electrical
resistivity of mortar. Electrode spacing was varied for measurements on a mortar specimen
subjected to chloride ingress. It was found that numerical results agreed with the experimental
results in that measured resistivity was less than true resistivity for larger electrode spacing when
compared to the surface layer thickness. The experimental data and theoretical model results are

depicted in Figure 2.2. Although mortar with chlorides in its surface layer was studied, no other
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comments were made as to the effect of chloride ingress at different levels within the surface

layer. The specimens also were consisted of mortar and not concrete, which may affect electrical

resistivity measurement results and analysis [10].
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Figure 2.2 Normalized resistivity values over the ratio of probe spacing to surface layer

thickness containing chlorides [10]

Polder [31] suggested recommendations and guidelines for on-site electrical resistivity
measurements according to the RILEM TC 154-EMC technical recommendation [32] as well as
how to interpret those measurements. Chloride penetration was referred to as the initiation
period. It was stated that resistivity is inversely related to chloride penetration, where low
resistivity equates to areas where chloride ingress will be the quickest in concrete. However,
Polder stated that the effect of the penetration of chloride ions on electrical resistivity was

relatively small. Polder reviewed the literature and emphasized the inverse relationship between
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chloride diffusion rate and concrete resistivity. Although the relationship between electrical
resistivity of concrete and chloride ingress was addressed, the effect of chloride ingress on
measured resistivity considering different concrete cover thicknesses was not addressed.

Polder and Peelen [22] readdressed the inverse relationship between chloride ingress and
concrete resistivity determined by previous theoretical and experimental studies. They stated that
the chloride diffusion coefficient is also inversely related to concrete resistivity and that low
resistivity values will distinguish areas where concrete is more permeable and chloride
penetration is higher. It was mentioned again that there is a relatively small effect on electrical
resistivity measurements due to the increased chloride content. It was not discussed in detail as to
the mechanics behind the effect of chloride ingress at different levels within the concrete cover
and no original investigations were conducted to further corroborate the statements on the
relationship between electrical resistivity measurements and chloride ingress.

Morris et al. [47] proposed a relationship to be used to predict chloride threshold values
from electrical resistivity measurements taken on the concrete surface. The experimental
investigation conducted involved sixteen, 15 cm in diameter by 22 cm in height, cylindrical
concrete specimens. These specimens contained four rebar segments positioned so that each
rebar was protected by a 1.5 cm concrete cover. The reinforced concrete specimen and chloride

profile methodology is displayed in Figure 2.3.
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Each cylindrical reinforced concrete specimen was exposed to 1000 days in a marine
environment, where half of the specimens were on the seashore and the other half were
immersed in seawater. Periodic electrical resistivity measurements were taken over the exposure
period. These electrical resistivity measurements were taken on the side of and in between the
rebar segments of each cylindrical concrete specimen. Geometrical effects were accounted for
when compiling electrical resistivity measurements. It was observed that the rebar was at a
passive behavior for resistivity values greater than 30 kQ-cm, and at a state of corrosion for
resistivity values lower than 10 kQ-cm. The best line of fit for the relationship between chloride
content (which was assumed to be the chloride threshold value, Cltw), in terms of percent
chlorides relative to the weight of cement, and resistivity, p, in terms of kQ-cm, was expressed
by equation (2.1) [47].

Clry (%) = 0.019€#0.401 (2.1)
From the data collected, Morris et al. [47] concluded that resistivity measurements were a good

indicator of concrete quality, and that the inverse relationship between chloride ingress and
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concrete resistivity stands. Because the study involved cylindrical specimens rather than
reinforced concrete slabs where rebar mesh is present, chloride ingress for bridge decks is not
closely simulated, and achieving more than one probe configuration with respect to rebar is not
possible. Therefore, results from this study may differ for reinforced concrete bridge decks
where chloride ingress is sourced from deicing salts and is gravity fed.

Torres-Luque et al. [48] reviewed the literature for the ability, advantages and
disadvantages of destructive and nondestructive test methods, including electrical resistivity, to
measure chloride ingress in concrete in the laboratory and on-site. Torres-Luque et al.
summarized that electrical resistivity is sensitive to chloride presence. It was reviewed that the
presence of chloride can increase electrical current and reduce concrete resistivity, and that
electrical resistivity measurements could be used to determine chloride diffusion coefficients by
estimating chloride profiles. Electrical resistivity using the Wenner probe method was found to
be a durable test device in that the embedded parts are manufactured with durable materials such
as stainless steel and do not have to be embedded into the structure for testing. Electrical
resistivity was not stated to be useful in calculation of the free chloride concentration. Challenges
for the development of nondestructive devices were summarized to be the independence of
environmental actions such as temperature and moisture condition, the independence of
geometry, such as embedded rebar and edges, multi-measurement ability to account for different
environmental conditions, and chemical stability, durability and maintainability, as well as cost.
Although the literature was reviewed, it was not described in detail how sensitive electrical
resistivity is to the presence of chloride ions, or how the transport of chlorides affects

measurements.

21



Andrade et al. [49] introduced a factor to be applied to electrical resistivity measurements
conducted with a four-point Wenner probe to account for the retardation of chloride penetration
due to the chloride reaction or binding with the cement phases. This chloride penetration
retardation factor was presented in order to predict a more accurate diffusion coefficient of
concrete. An experimental investigation followed by numerical modelling was conducted. The
experimental investigation consisted of cylindrical concrete specimens cured for 28 days,
electrical resistivity measurements of the concrete specimens, and subjecting the specimens to
chloride ingress to determine diffusion coefficients and if any retardation had occurred. Although
the effect on the estimation of the diffusion coefficient was investigated systematically, it was
not researched as to how chloride ingress affected electrical resistivity measurements themselves.

2.4 The Relationship between Resistivity and Rebar Corrosion

Although electrical resistivity is an efficient indicator of concrete durability, the only
standardized test method for corrosion monitoring is the ASTM C876 half-cell potential mapping
technique [50]. Although ASTM C876 provides the probability of corrosion for a certain point
on the reinforced concrete structure, it does not provide for the corrosion rate of the
reinforcement, which is an important piece of information when gaging the remaining service
life span of a structure. If the probability of corrosion is high, but the corrosion rate is very slow,
the half-cell potential mapping is concluding a false sense of urgency for repair, when in fact the
remaining service life span of the reinforced concrete structure is not being cut short. In the
opposite sense, if the corrosion rate is accelerating quickly, but the corrosion probability is read
to be low, the half-cell potential testing provides a false indication of the remaining service life

span of the structure. Therefore, the appropriate maintenance actions are not taken in order to
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resolve the first signs of detrimental corrosion to insure the safety of the public, and provide
potential cost savings due to repairs made before corrosion is destructive.

Studies have been corroborating the inverse relationship between corrosive environments
in reinforced concrete and electrical resistivity measurements of concrete. As the severity of
reinforcement corrosion increases, the electrical resistivity of concrete decreases. However, the
effects of the presence of corrosion on electrical resistivity measurements is not thoroughly
investigated. Many researchers have stated the relationship of corrosion and electrical resistivity,
such as Morris et al. [21] who had mentioned how electrical resistivity of concrete correlates
with the possibility of corrosion macrocell currents of the embedded reinforcement.

Carino [29] reviewed the literature and provided an overview of nondestructive techniques,
including concrete resistivity, in identifying the status of corrosion in reinforced concrete
structures. Concrete resistivity was considered one of the controlling factors for corrosion rate.
Thereby, the use of half-cell potential measurements and electrical resistivity measurements in
conjunction makes it possible to examine both corrosion probability and corrosion rate. The

relationship between concrete corrosion rate and concrete resistivity is shown in Figure 2.4.
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measurements [29]

It was reviewed that for a high resistivity value, even if the steel is actively corroding as
determined by half-cell potential measurements, the corrosion rate may be low; therefore, when
steel depassivates, concrete resistivity correlates better with corrosion rate than half-cell
potential. Although Carino [29] provided a review of the correlation between resistivity and
corrosion, no research was stated to examine the effect of corrosion initiation on electrical
resistivity measurements.

Polder [31] also reviewed the literature and provided recommendations for on-site
measurements of electrical resistivity on concrete. Contradictory to Carino’s [29] review, Polder
stated that mapping resistivity measurements did not indicate whether the embedded

reinforcement in concrete was actively corroding, and that this information was to be obtained by
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using other methods. It was stated that resistivity mapping can show where corrosion was most
severe. Polder restated the inverse relationship between corrosion rate of reinforcement after
depassivation and concrete resistivity, but this relationship could be different for different
concrete compositions. Polder was skeptical of the clear relationship between corrosion rate and
concrete resistivity, but provided a general guideline when interpreting electrical resistivity
measurements in terms of corrosion risk when applied to ordinary portland cement concrete at 20

degrees Celsius, as seen in Table 2.1.

Table 2.1 Concrete resistivity and risk of corrosion of steel reinforcement [31]

Concrete Resistivity (kQ-cm) | Risk of Corrosion
<10 High

10-50 Moderate

50-100 Low

>100 Negligible

For values less than 10 kQ-cm, risk of corrosion was stated to be high, rather than
corrosion rate. Although a general rule of thumb was provided for interpreting electrical
resistivity values for concrete when assessing corrosion risk, it was not reviewed as to how
corrosion initiation itself affects electrical resistivity and the relationship between corrosion rate
and electrical resistivity is deemed questionable [31].

Morris et al. [51] evaluated the risk of corrosion of reinforcing steel using electrical

resistivity measurement by immersing reinforced concrete specimens in a saline solution.
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Corrosion possibilities were identified by half-cell potential measurements. It was suggested that
the steel reinforcement is likely to reach a corrosion state when resistivity measurements are
lower than 10 kQ-cm, and reach a passive state when resistivity measurements are higher than 30
kQ-cm. The corrosion state resistivity confirmed Polder’s [31] review, but Morris et al. recorded
a lower passivation resistivity value than Polder. Morris et al. confirms that the corrosion rate
depended primarily on the concrete quality and initial chloride concentration, and that electrical
resistivity is a good indicator of corrosion risk rather than of corrosion rate. Again, the effect of
corrosion initiation has on electrical resistivity measurements was not studied and error
corrections were not suggested.

Polder and Peelen [22] confirmed the inverse proportionality between corrosion rate and
concrete resistivity, and cautions that this relationship is dependent on concrete composition. It
was stated that low resistivity values are associated with relatively high corrosion rates after
embedded rebar depassivate. Polder and Peelen found that resistivity measurements of concrete
reflect its properties in conditions such as chloride ingress, corrosion initiation and corrosion
propagation. Corrosion initiation was referred to as the probability of corrosion and corrosion
propagation was referred to as corrosion rate. This contradicted Polder’s [31] previous study that
resistivity is an indicator of corrosion risk and not corrosion rate. Corrosion initiation with
respect to electrical resistivity was indicated, but no relationship or effect was developed or
elaborated upon.

Gulikers [52] stated how it is very likely that concrete resistivity (specifically of the layer
directly near the steel reinforcement rather than the entire concrete cover) plays a decisive role in
controlling corrosion rates of embedded reinforcement due to microcell geometric arrangements

of anodic and cathodic sites. Guliker also suggested that concrete resistivity does not inherently
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control the overall corrosion cell resistance, but rather cathodic activation controls in most cases,
whereas in other situations, oxygen diffusion controls where concrete is continuously exposed to
wet conditions. Because alternating areas of passively and actively corroding reinforcement will
be present in reinforced concrete, the active and passive macrocells will complicate
interpretations of half-cell potential and corrosion rate measurements. Gulikers suggested that
electrical resistivity may not be the only indication of corrosion rate, but did not review how
corrosion initiation may influence electrical resistivity readings and interpretations.

Song and Saraswath [53] reviewed the literature and stated the inverse relationship
between concrete resistivity and embedded reinforcement corrosion rate. However, it was found
that the evaluation of the degree of rebar corrosion was different amongst researchers. They
stated how electrical resistivity was an effective identifier of corrosion risk of reinforcement,
especially when corrosion is chloride induced. A table was provided to relate resistivity to
corrosion risk in order to assess resistivity measurements as depicted in Table 2.2, which differs

significantly from Table 2.1 by Polder [31].

Table 2.2: Concrete resistivity and risk of corrosion of steel reinforcement [53]

Concrete Resistivity (k€-cm) | Corrosion Risk
<5 Very High

5-10 High

10-20 Low

>20 Negligible
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The relationship between corrosion risk and resistivity Song and Saraswath [53] provided
was different from what Polder [31] provided where resistivity values were considerably lower
for all corrosion risk levels, and a moderate corrosion risk was not provided. Song and Saraswath
[53] suggested that for resistivity values less than 5 kQ-cm, the corrosion risk is very high, and
that for resistivity values greater than 20 kQ-cm, the corrosion risk is negligible. Corrosion rate
and corrosion risk were both referred to within this review, but no clear indication of which
resistivity values have a better correlation with was not given. Although relationships between
corrosion and resistivity were suggested, how corrosion initiation affects resistivity
measurements was not indicated.

Dunn et al. [43] evaluated multiple nondestructive techniques in assessing concrete
bridge decks including electrical resistivity. Dunn et al. confirmed that electrical resistivity
provides information for the potential for a corrosive environment within areas of reinforced
concrete, but did not indicate the relationship between resistivity and corrosion rate of embedded
reinforcement or the effect that corrosion initiation may have on electrical resistivity
measurements.

Gucunski et al. [4] reviewed the literature on electrical resistivity and other
nondestructive techniques for their applications and limitations. The primary application of
electrical resistivity was found to characterize corrosive environments within reinforced concrete
structures and areas susceptible to chloride ingress, as well as an effective indicator of corrosion
activity when paired with half-cell potential measurements. Its limitations were listed that the
interpretation of electrical resistivity measurements is challenging in that there are many
variables that can affect measurements, such as moisture condition, salt content, etc. How each

specific variable affects the overall measurement was difficult to assess. Prewetting of the
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concrete surface was also found to be a limitation in that added preparation was needed in order
to conduct electrical resistivity measurements; therefore, more time was needed to conduct the
measurements.

Along with a review of the literature, Gucunski et al. [4] conducted an experimental
investigation to assess rebar corrosion within a concrete bridge deck using three technologies,
one of which is electrical resistivity. The evaluation was based on how well the devices were
able to differentiate the area constructed with new rebar and the area constructed with corroded
rebar. The detection of the degree of rebar corrosion was not assessed but rather corrosion
activity, corrosion rate and the determination of a corrosive environment. A limitation was found
in evaluating corrosion activity and corrosion rate of epoxy-coated rebar. Measurements were
collected, but interpretations of measurements with regard to epoxy-coated rebar were not
available. It was stated that electrical resistivity is not affected by epoxy coating within the deck,
but no further evidence is provided. It was suggested that electrical resistivity or half-cell
potential measurements should be used when evaluating deterioration caused by corrosion due to
their low cost, relative speed and simplicity. They report that the advantage that electrical
resistivity has over half-cell potential is the lack of the need to obtain an electrical connection to
embedded reinforcement, although the information obtained from half-cell potential may be of
greater importance to certain agencies. Although corrosion was detected, Gucunski et al. lacks
the investigation on the degree of corrosion, which, as they stated, is of interest when assessing
corrosion in structures.

Sadowski [23] reviewed the literature and found that there were few papers that
determined the probability of corrosion by coupling electrical resistivity and half-cell potential

techniques to gain perspective on the degree of reinforcement corrosion in concrete. Sadowski
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also noted that it was difficult to find a systematic methodology when assessing corrosion
probability. It was suggested that using electrical resistivity conducted with a four-point Wenner
probe and half-cell potential techniques, the following methodology should be used when
interpreting measurements as seen in Figure 2.5. Although a systematic analysis of results was
suggested by Sadowski, no correction factors were suggested for electrical resistivity
measurements for corrosion conditions. Only identifying the probability of corrosion was

suggested when conducting a corrosion assessment [23].
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Hornbostel et al. [54] reviewed the literature for the relationship between corrosion rate
of embedded reinforcement and concrete resistivity. They confirm the inverse relationship
between concrete resistivity and corrosion rate, not risk. The discrepancies within the literature
was summarized and included: (1) the large range and scatter for correlations between corrosion
rate and concrete resistivity for resistivity measurements assessments, (2) corrections to
corrosion rate measurements may not have been applied, (3) graphical data was not consistent
between investigations to show relationships, (4) large scatter of data and few investigations on
the effect of moisture state and temperature on the corrosion and resistivity relationship, (4) the
lack of investigation of the effect of the cause of corrosion on the corrosion and resistivity
relationship, and (5) the lack of knowledge on which mechanism dominates the corrosion
process and how this influences resistivity measurements. It was suggested that more field data
should be collected and analyzed in order to practically assess the corrosion and resistivity
relationship, and that, overall, the relationship between corrosion rate and resistivity should be
investigated further.

The relationship between corrosion and electrical resistivity has been experimentally
investigated by a number of researchers, as summarized in this section. The electrical resistivity
and corrosion relationship is not clear as to if electrical resistivity is correlated with corrosion
rate or corrosion risk, but electrical resistivity value ranges were provided in the literature for
interpretation of corrosion conditions in reinforced concrete structures, nonetheless. However,
after reviewing the literature, the effect that corrosion initiation or corrosion products have on
electrical resistivity measurements has yet to be systematically studied by either numerical or

experimental investigations.
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Chapter 3 Experimental Program

3.1 Materials

The materials for the experimental investigation consisted of ready-mix concrete and
rebar, to produce two reinforced concrete slabs in the OSU Outdoor Exposure Site. The design
details of the reinforced concrete slabs are provided in the next section. The fresh properties of
the commercial ready-mix concrete included an air content of 5.0%, a slump of 5.25 inches and a
fresh unit weight of 140.9 Ib/yd®. The maximum size aggregate (MSA) for coarse aggregate was
¥-inch. The portland cement (PC) used was a Type /1l and the water-to-cement-ratio (w/cm) is

0.44. The as-batched material contents are provided in Table 3.1.

The natural coarse aggregate and fine aggregate are basalt/andesite based and were
excavated in Corvallis, Oregon. The manufactured sand was from cobble which was originally
too large to use for portland cement concrete that is broken down to be used as fine aggregate.
An air entraining agent (Grace Daravair) and a water reducing agent (Grace WRDA-64) were
used during mixing. The concrete was batched, mixed and brought to the outside exposure site

by a mixer truck.

The steel reinforcement consisted of uncoated and epoxy coated, size #5, Grade 60 rebar.
Placed underneath rebar mesh are six stainless steel plates, three of which are 8-inches by 24-
inches and the other three are 16-inches by 24-inches in dimension. Each plate had an electrical

connection in the form of two steel wires spot-welded to each plate.
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Table 3.1 As-batched material properties for ready-mix concrete

Material As-Batched
Fine Aggregate Sand (Ib/yd®) 1073
Fine Aggregate Manufactured Sand (Ib/yd®) | 203
3/4 inch MSA Coarse Aggregate (Ib/yd®) 1797
Mixing Water (Ib/yd®) 214
Type I/11 PC (Ib/yd®) 607
Superplasticizer (fl 0z) 24.00
Air Entraining Agent (fl 0z) 6.00
w/cm 0.44
Fresh Unit Weight (Ib/yd®) 140.9
Slump (inches) 5.25
Air Content (%) 5.0

3.2 Reinforced Concrete Slabs

Two reinforced concrete slabs were produced for this experimental investigation. One
slab was reinforced with uncoated rebar, while the other was reinforced with epoxy coated rebar.

The schematic design details of the slabs are shown in Figures 3.1-3.3.

The uncoated rebar reinforced concrete slab was 12-feet wide by 8-feet long and 7.5-
inches thick. The slab consisted of three zones with three different concrete cover thicknesses:
Zone 1 (3.5-inch cover), Zone 2 (2.5-inch cover), and Zone 3 (1.5-inch cover). Each zone was 4-
feet wide and 8-feet long. A 20-inches by 20-inches area was left unreinforced in the corner of
Zone 1 so that measurements can be taken without the rebar effect. In each zone, there was an

area reinforced with a dense rebar mesh with rebar spacing of 4-inches center to center, as well
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as a less dense area with a rebar spacing of 8-inches center to center as shown in Figure 3.1. The
rebar mesh of each zone was electrically isolated from the rebar mesh of other zones. Similar to
the uncoated rebar reinforced concrete slab, the epoxy rebar reinforced concrete slab also
contained three zones with three different concrete cover thicknesses: Zone 1 (3.5-inch cover),
Zone 2 (2.5-inch cover), and Zone 3 (1.5-inch cover). Each zone is 32 inches wide by 48 inches
long as depicted in Figure 3.2. The epoxy rebar reinforced concrete slab was 8-feet wide, 4-feet
long and 7.5-inches thick. Throughout the slab, the density of the reinforcing mesh was the same;

i.e., rebar was spaced at 8-inches center to center.

Twelve concrete cylindrical specimens, 4-inches in diameter and 8-inches in height, were
cast on the same day the concrete was poured. The reinforced concrete slabs were cured for 21
days using wetted burlap. The other nine cylindrical specimens cured within a moist room
according to ASTM C511 [29] for compressive strength testing. At a 28-day concrete age,
average compressive strength obtained from nine cylinders was 25.4 MPa (3,680 psi) with a

standard deviation of 270 psi.

In order to electrochemically migrate chlorides through the hardened concrete towards
the steel rebar within the uncoated reinforced concrete slab to initiate chloride-induced corrosion,
six stainless steel plates were bolted to the bottom of the formwork as depicted in Figure 3.1b.
Figure 3.3 shows the chloride ponding areas, where a 21% NaCl solution was ponded, the
location of the six steel plates, and the measurement locations for each Zone. Theoretically, the
steel plate locations were designed to be the locations where corrosion would initiate. However,
it is possible for corrosion to happen within the entire ponded area despite the locations of the

steel plates, in that chlorides could travel horizontally within the concrete cover.
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Figure 3.1 (a) Experimental design schematic and (b) experimental set up of the

uncoated rebar reinforced concrete slab
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Figure 3.3 Experimental design schematic of the uncoated rebar reinforced concrete slab and

measurement locations for (a) during chloride ingress for each Zone and (b) after chloride-

induced corrosion initiation for the entire slab after chloride ponding
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3.3 Testing Program

The experimental study involved a testing program that spanned one year starting May
2014 in the Outdoor Exposure Site of the Infrastructural Materials Group at the Oregon State
University. After concrete hardened, the use of a rebar locator identified the actual location of
embedded rebar for each of the three zones within the reinforced concrete slab and the concrete
surface was marked at these locations. These rebar locations were further referenced using
markings made on the concrete formwork prior to the concrete pour. Electrical resistivity
measurements using a four-point Wenner probe were taken according to the RILEM TC-154
[32] method. Saturated foam caps were used instead of reservoir caps on the probe ends to
establish full electrical conductivity between the Wenner probe electrodes and the pre-wetted
concrete surface. Probe placements during measurements were facilitated differently for the 4-
inch rebar spacing, and 8-inch rebar spacing areas. Probe configurations with respect to the rebar
mesh accounted for nine separate configurations for 8-inch spaced rebar mesh, and seven
separate configurations for 4-inch spaced rebar mesh [36]. These are shown in greater detail in

Figure 3.4.

The median of the five electrical resistivity measurements, for a given location for each
configuration, was then normalized by dividing it by the median of five electrical resistivity
measurements taken at an unreinforced section of the reinforced concrete slab. If the normalized
value is equal to 1, it is to represent true electrical resistivity of the concrete, meaning there were
no inflictions to the accuracy of the electrical resistivity reading. Electrical resistivity
measurements were taken at a designated area with 4-inch rebar center to center spacing, and ata
designated area with 8-inch rebar center to center spacing for each Zone within the uncoated

rebar reinforced concrete slab. Electrical resistivity measurements were also taken within each
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Zone for the epoxy rebar reinforced concrete slab. Temperature of the concrete surface was also

recorded during the time of electrical resistivity data collection using a temperature gun.

Configuration A Configuration B Configuration C

: L

- T T

Configuration D Configuration E  Configuration F

S | | |

T nr-r 1T

Configuration G Configuration H Configuration |

(@)

Configuration A Configuration b

Configuration D Configuration e

Configuration G Configuration H Configuration |

(b)

Figure 3.4 Probe configurations with respect to (a) 8-inch spaced rebar mesh, (b)

4-inch spaced rebar mesh

After curing, in order to achieve three different moisture conditions, the reinforced concrete

slabs were conditioned for a nearly dry state, a nearly saturated state and a semi-saturated state
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(in between nearly dry and nearly saturated). For the dry state, the reinforced concrete slabs
endured a week of hot and dry conditions within the exposure site, and the concrete surface was
lightly sprayed with tap water in order to collect the electrical resistivity measurements. For the
saturated state, the reinforced concrete slabs were ponded using tap water for one week, and
electrical resistivity measurements directly followed as soon as the ponds were emptied. The
ponds were created by epoxying Styrofoam boards to the sides of the slabs and filled with water,
and refilled when the water level lowered, for seven consecutive days. For the semi-saturated
state, directly after ponding, the reinforced slabs were left to dry for five days, the sixth day, they

endured a rain event, and the seventh day, electrical resistivity measurements were taken.

In order to create chloride-induced corrosion on the steel reinforcement of the uncoated
reinforced concrete slab, six steel plates were casted underneath the reinforced concrete slab.
Each Zone was ponded separately, beginning with Zone 3 and ending with Zone 1. In order to
facilitate ponding, a dam was constructed using Styrofoam boards that were epoxied above the
reinforced concrete slab to the concrete surface and filled with 21% NaCl solution created by
dissolving generic granular table salt into tap water. A high percentage of NaCl is used in order
to simulate high concentrations of chlorides to more rapidly transport chloride into the concrete
cover. This chloride transport area is shown by the boxed boundary within the 8-inch spaced
rebar mesh in Figure 3.3. Two stainless steel wire cloths, the same dimensions (16-inches by 24-
inches and 8-inches by 24-inches) as the stainless steel plates cast to the bottom of the reinforced
concrete slab for the three Zones, were placed on the concrete surface directly above the stainless
steel plates. A steel wire was spot-welded to each steel plate and steel wire cloth. These steel
wire connections were then connected to a Direct Current (DC) power supply. A steel plate at the

bottom of the reinforced concrete slab was connected to the positive terminal and the steel wire
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cloth on the surface of the reinforced concrete slab was connected to the negative terminal of the
DC power supply. With this setup, the steel wire cloth that was submerged in the 21% NaCl
solution helped electrochemically migrate chlorides within the solution into the concrete cover
towards the embedded steel rebar because of the electrical field created between the steel wire
cloth and the steel plate directly underneath it. This chloride-inducing corrosion setup is

displayed in Figure 3.5.

Chlorides were able to be relatively quickly transported from the area of high
concentration, the salt solution dam, to the area of low concentration, the previously chloride-
free concrete towards the embedded steel rebar. The electrical current from the DC power supply
was limited to 0.50 amperes for Zone 3, 0.75 amperes for Zone 2 and 1.00 amperes for Zone 3,
due to the increase in concrete cover thickness and in order to limit time to corrosion initiation.
The DC power supply was removed, and the salt dams were drained at periods before corrosion
initiation. The salt residue from the surface of the concrete was cleaned, and the slab was left to
be idle for one day before any measurements commenced in order to refrain from effects to

measurements due to polarization of the rebar created by the induced current.
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Figure 3.5 (a) Experimental schematic and (b) experimental set up of the chloride-inducing

corrosion process
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Measurements consisted of half-cell potential measurements conducted with an Ag/AgCl
0.5M KClI electrode, which is +30 mV versus a copper-copper sulfate electrode (CSE), followed
by electrical resistivity measurements conducted by a four-point Wenner probe. The half-cell
measurements were conducted according to ASTM C876 [50] where rebar connections were
created by drilling out concrete to expose the embedded rebar for each Zone, and drilling a hole
into the rebar to insert a steel nail to provide an easy access connection for the voltmeter. The
surface of the concrete was wetted prior to taking half-cell potential and electrical resistivity
measurements, and temperature readings were taken for each set of half-cell potential and
electrical resistivity measurements. Measurements were taken at 25 points for each Zone, at the
intersection of bottommost and topmaost rebar within rebar mesh as depicted in Figure 3.4. For
electrical resistivity measurements, only Configuration H, Configuration | and Configuration A
were considered to reduce time spent collecting data and temperature and moisture variations.
Again, five measurements per probe configuration were collected, and the median of the five
measurements was used to represent the measured electrical resistivity for the probe
configuration at one point on the concrete’s surface. Measurements were taken throughout the
process of chloride ingress for each Zone until corrosion initiation was measured at any point

indicated by half-cell potential measurements (-350 mV versus CSE).
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Chapter 4 Results and Discussion
Due to the different temperatures the electrical resistivity measurements taken on
separate days, it was necessary to create for comparable data sets. Electrical resistivity

measurements were normalized by temperature to 25°C using the Hinrichson-Rasch law [55]:

1 1
€= @cxp[2900 (T— ——] (4.1)
1

T,

where p1 is the measured resistivity, p2 is the normalized resistivity, T1 (K) is the temperature of
the concrete during the measurement, and T, is the normalized temperature (i.e., 298.15 K). In
addition, most results presented in this section represent a normalized electrical resistivity value,
where the measured electrical resistivity value, the median of five measurements, is divided by
the actual electrical resistivity value, taken as the median of five electrical resistivity
measurements taken within the unreinforced concrete area where it is assumed that rebar has no
effect. For values near a ratio of 1.0 for normalized measured resistivity measurements to actual
electrical resistivity (pmeasured/pactual), it IS assumed that there is no effect on measured resistivity.

4.1 Effects of Rebar, Cover Thickness and Probe Orientation

Solely considering one rebar mesh density for all possible probe configurations with
respect to rebar mesh, the effect of the probe configuration for each of the three concrete cover
thickness can be examined. Figure 4.1 illustrates all probe configurations with respect to rebar
mesh considered for 4-inch spaced rebar mesh and 8-inch spaced rebar mesh. Firstly, the effect
of probe configurations with respect to 4-inch spaced rebar mesh is shown. Concrete covers of
1.5-inch, 2.5-inch and 3.5-inch thicknesses are displayed, as well as the seven probe
configurations considered for 4-inch spaced rebar mesh. The three concrete moisture conditions,
dry, semi-saturated, and saturated are displayed separately in separate charts. Again, when values

are near a ratio of 1.0 for normalized measured electrical resistivity measurements to actual
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electrical resistivity (pmeasured/pactual), it IS assumed that there is no effect on measured electrical
resistivity. For different concrete moisture conditions, the seven probe configurations with
respect to rebar mesh have different effects on electrical resistivity measurements for different
concrete cover thicknesses.

For a dry concrete moisture condition, the probe configuration that provides for the least
amount of error over 4-inch spaced rebar mesh are Configuration e and Configuration | with
errors not greater than 7% and 10%, respectfully, where the greatest error created for both probe
configurations is for measurements over 3.5-inch concrete cover. For measurements over 2.5-
inch and 1.5-inch concrete cover, the error is negligible for both configurations (4%).
Configuration e avoids the top rebar layer within the rebar mesh, whereas Configuration | tries to
avoid the rebar mesh completely. However, contrary to technical recommendations provided by
commercial providers [56] for electrical resistivity measurements taken over a more dense rebar
mesh, Configuration A provides the greatest amount of error (up to 31%) for smaller concrete
cover thicknesses.

Under a semi-saturated concrete moisture condition for 4-inch spaced rebar mesh, 3.5-
inch and 2.5-inch concrete cover thicknesses and all probe configurations do not provide for
much error (up to 15%), but for 1.5-inch concrete cover thickness, electrical resistivity
measurements are under-measured by 26% to 42% where Configuration A provides for the least
error. Although probe configuration with respect to rebar mesh does not play a major role in the
effect of electrical resistivity measurements for semi-saturated concrete moisture conditions,
small concrete cover thickness does. This could be due to the greater connectivity of the concrete
pore network by moisture where current is more easily able to be short-circuited by embedded

concrete near the concrete surface.
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Figure 4.1 Effect of probe configuration with respect to 4-inch spaced rebar mesh for
3.5-inch, 2.5-inch and 1.5-inch concrete cover thicknesses under (a) dry (b) semi-

saturated and (c) saturated concrete moisture conditions
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For 4-inch spaced rebar mesh within a saturated concrete moisture condition,
Configuration A provides the least amount of error, up to 16%, for all concrete cover thicknesses
investigated. When solely considering 1.5-inch concrete cover for 4-inch spaced rebar mesh in a
nearly saturated concrete moisture condition, Configuration D provided for the least error of 5%.
Again, greater errors are created for measurements taken over 1.5-inch concrete cover, where

rebar is more likely to short circuit the induced current provided by the Wenner probe.

Configuration A, although not superior for dry concrete moisture conditions, provides the
best probe configuration and the least overall error for both semi-saturated and saturated
moisture conditions for all concrete cover thicknesses. This probe configuration is in accordance
to technical recommendations provided by commercial Wenner probe providers [56] when
collecting electrical resistivity measurements over a dense rebar mesh. Configuration A for a dry
concrete moisture condition may aid short circuiting of the induced current, where embedded
rebar provides the path of least resistance within the dry concrete medium, whereas for semi-
saturated and saturated moisture conditions, the connected pore-network within the concrete

medium may aid the transport of the induced current to bypass the embedded reinforcement.

4.2 Effect of Epoxy Coating

When considering epoxy coated rebar mesh at the same 8-inch spacing, electrical
resistivity measurements are less for the epoxy coated rebar concrete slab than for the uncoated
rebar concrete slab. The epoxy slab could not be normalized to actual electrical resistivity in that
the epoxy slab does not have an unreinforced section of its own. To show how concrete moisture

conditions effect epoxy coated reinforced concrete, Figure 4.2 displays the electrical resistivity
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measurements (pmeasured iN kKQ-cm) for dry, semi-saturated and saturated concrete moisture

conditions.

Electrical resistivity measurements are affected nearly the same when considering all
probe configurations and all concrete cover thicknesses by epoxy coated rebar mesh for the
saturated and semi-saturated concrete moisture conditions. There is more variability due to the
effect of probe configuration under dry concrete moisture conditions, but electrical resistivity
measurements are still similar. As concrete moisture increases, the measured electrical resistivity
decreases, as expected and previously investigated concluded by others. Comparing the dry
moisture condition to the saturated moisture condition, electrical resistivity measurements
decrease by up to 75% when concrete moisture increases. Probe configuration does not play a
role in the effect of electrical resistivity measurements over epoxy coated rebar mesh. Therefore,
it is assumed that the epoxy coating does not affect electrical resistivity measurements, however
this is not confirmed by normalization to an unreinforced section within the same concrete slab.
The epoxy coating may be acting as a barrier between the induced current and the steel rebar and

the epoxy layer may impede any short-circuiting of the induced current.
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Figure 4.2 Effect of probe configuration with respect to 8-inch spaced epoxy coated
rebar mesh for 3.5-inch, 2.5-inch and 1.5-inch concrete cover thicknesses under (a) dry

(b) semi-saturated and (c) saturated concrete moisture conditions
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4.3 The Effect of Chloride Ingress

Zone 2 containing a 2.5-inch concrete cover thickness, for the surface area enveloping
Rows 1 to 5 and Columns 1 to 5 was ponded using 21% NaCl solution for 43 days. For the first
15 days of salt water ponding, electrochemically migrated chlorides were transported into the
concrete cover using a current of 0.50 amperes between the surface and bottom of the reinforced
concrete slab through the use of the DC power supply. The next 11 days, Zone 2 was ponded
with 21% NaCl solution without a current. The following 14 days that Zone 2 was ponded,
chlorides were electrochemically migrated into the concrete cover using current at 0.50 amperes
until corrosion was initiated. For the last three days after corrosion initiation, Zone 2 was ponded
with 21% NaCl solution without a current. Within the 43 days of ponding, ten separate electrical
resistivity measurements were taken. Before each measurement was taken, the pond was drained,
the surface was cleaned of salts, and was left to sit idle for one day in order to refrain from any
polarization effects created by the induced current to the electrical resistivity and half-cell
potential measurements.

Figure 4.3 illustrates the relationship between the number of days Zone 2 was ponded
with 21% NaCl solution and the value of the electrical resistivity measurements using
Configuration A, as well as the relationship between days ponded and the value of half-cell
potential measurements for the area including Rows 1 and 2 and Columns 2, 3 and 4 (area above
the large plate), where the concrete was under the same current and conditions. The median of
measurements taken over the six locations underneath the area of constant current is visualized
within Figure 4.3. Each electrical resistivity measurement for each point were normalized to
temperature and was the median of five measured resistivity measurements taken over that point.

The error bars represent one standard deviation.
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Figure 4.3 The relationship between electrical resistivity over days ponded and half-cell

potential over days ponded for Zone 2 within the area including Row 1 and 2 and Columns 2-4

Over the course of the 10 measurements, chloride transported further into the concrete
cover and reached the steel in order to initiate corrosion. The ninth measurement (at 40 days
ponded) was taken when corrosion initiation was recorded, and the last measurement was taken
after corrosion initiation. Although half-cell potential measurements generally became more
negative over the course of ponding, especially for the last two measurements, electrical
resistivity measurements using Configuration A, decrease, do not change, or increase throughout
ponding. It is expected that electrical resistivity would decrease with the increase of chlorides in

the pore network of concrete, in that ions help create a more conductive electrolyte, however,
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from this data set, electrical resistivity does not. One factor that may be contributing to this
discrepancy between chloride ingress and electrical resistivity is that free chlorides will help aid
the decrease in electrical resistivity, but bound chlorides may not. Free chlorides are chloride
ions found within the pore solution, and bound chlorides are bound in the hydrated cement paste
within concrete [57]. The bound chlorides may be creating a barrier within the pore network in
concrete and creating discontinuity; therefore, bound chlorides may increase the electrical
resistivity of concrete by decreasing pathways in the concrete pore network. Also, the bound
chlorides may be crystalizing within the concrete as time passes, and further affecting electrical
resistivity measurements by adding a different geometrical and resistive effect.

4.4 The Effect of Corrosion Initiation

When considering all three concrete cover thicknesses investigated, electrical resistivity
measurements were taken before and until corrosion initiation occurred, as identified with half-
cell potential measurements. To understand if corrosion initiation itself has an effect on electrical
resistivity measurements, the points within the chloride transport area for each Zone where
corrosion initiation was found were investigated. At these points, electrical resistivity
measurements using Configuration A are compared for measurements taken just before corrosion
initiation to measurements taken when corrosion initiation was identified. Figure 4.4 illustrates
the relationship between electrical resistivity measurements for before and after corrosion

initiation.
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Figure 4.4 The relationship between electrical resistivity measurements before chloride-induced

corrosion and after corrosion initiation for Zone 1, Zone 2 and Zone 3

When comparing only the results of electrical resistivity measurements before and after
corrosion initiation for Zone 3, the measurements are nearly the same. For Zone 2 and Zone 3,
slightly higher values are observed for electrical resistivity measurements taken after corrosion
initiation than before corrosion initiation. For small concrete cover thicknesses (i.e. Zone 3),
corrosion initiation has nearly no impact on electrical resistivity measurements for this particular
reinforced concrete slab specimen investigated, however, as concrete cover thickness increases,

corrosion initiation may create for a slight increase in electrical resistivity measurements.
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4.5 The Effect of Early Stages of Corrosion

Half-cell potential and electrical resistivity measurements were taken again after
corrosion initiation over the entire reinforced concrete slab, after all three Zones endured
corrosion initiation, and the areas include the chloride pushing areas, Rows 1 to 5, as well as
outside these areas as indicated by Rows 6 to 10. These measurements were conducted directly
after the entire slab was ponded with 21% NaCl solution for three consecutive days without an
applied current provided by the DC power supply. Figure 4.5 displays the contour maps of half-
cell potential and electrical resistivity measurements using Configuration A for each of the three
zones over the entire slab after chloride-induced corrosion. The three Zones are indicated by
Columns 1 to 5 and separated by a thick line. Rows 9 and 10 and Columns 1 and 2, indicate the
unreinforced section of the slab and, therefore, are left blank due to lack of reinforcement that
may be corroded. As seen in Figure 4.5, low electrical resistivity values generally correspond
with low half-cell potential measurements.

At the location Row 7 and Column 5 for Zone 2, a very high electrical resistivity value
was obtained. However, this measurement was taken directly above a deep, conductive discrete
crack, which created error for the gross over-measurement of electrical resistivity. Electrical
resistivity values are generally near or below a value of 8 kQ-cm for the entire reinforced slab,
and are generally near or below 6 kQ-cm for areas where half-cell potential measurements are
most negative. According to ASTM C876, the probability of corrosion is greater than 90% for
half-cell potential values less negative than -350 mV [50]. For Zone 3, where concrete cover
thickness is smallest, corrosion is probable for approximately its entirety. As concrete cover
thickness increases, corrosion probability becomes less due to the greater thickness and,

therefore, protection the concrete cover provides for the embedded steel.
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Figure 4.5 Contour maps of (a) half-cell measurements and (b) electrical resistivity

measurements using Configuration A for the entire slab after corrosion
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The few major differences between the half-cell potential contour map and electrical
resistivity contour map are for locations Rows 3 to 5 and Column 3 for Zone 1, Rows 9 t010 and
Columns 4 and 5 for Zone 1 and Column 1 for Zone 2, and Row 2 and Column 3 for Zone 3. At
Row 4 and Column 3 for Zone 1, Row 2 and Column 3 for Zone 3, electrical resistivity values
are higher but half-cell potential measurements are very negative. At Row 10 and Column 1 for
Zone 2, half-cell potential is less negative, but electrical resistivity is still very low. These
opposite values could be due to the corrosion rates of the embedded rebar being faster or slower
than the probability of corrosion indicated, the difference of chloride concentration of the
concrete cover at those particular locations, or the difference in concrete cover thicknesses. It is
observed that there is greater discrepancy for a larger concrete thickness than a smaller concrete

cover thickness.
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Chapter 5 Conclusions and Recommendations

The effects of steel reinforcement and chloride-induced corrosion initiation on the
electrical resistivity measurements using the Wenner probe technique were studied
experimentally on custom-designed reinforced concrete slabs. For electrical resistivity
measurements conducted over uncoated embedded rebar, for a saturated or semi-saturated
moisture condition, Configuration A is recommended for either 8-inch spaced or 4-inch spaced
rebar, where the greatest error is created for small concrete cover thicknesses and denser rebar
mesh (26% for 4-inch spaced rebar under a 1.5-inch concrete cover thickness for a semi-
saturated condition). When concrete is at a nearly saturated moisture condition, say, after along
rain event, the greatest errors recorded were 16%,; therefore, electrical resistivity measurements
are generally more accurate for saturated concrete. It is ideal if electrical resistivity
measurements are taken over concrete surfaces after a rain event, and the surface is free of

ponding in order to avoid short-circuiting due to standing water.

When taking electrical resistivity measurements on concrete reinforced with epoxy
coated rebar, no probe configuration is suggested to achieve the smallest error, in that all
configurations investigated create for similar resistivity values for the particular concrete
investigated. The most variability is seen for dry concrete moisture conditions; therefore, taking
measurements over semi-saturated or saturated concrete is suggested in order to decrease the

variability of electrical resistivity measurements.

For a dry concrete moisture condition, it is suggested that electrical resistivity
measurements taken over uncoated rebar should be conducted using Configuration e or
Configuration I for 4-inch spaced rebar mesh (greatest error of 10%)., and Configuration C for

8-inch spaced rebar mesh (greatest error of 4%). When considering the effects of rebar mesh
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density and concrete cover thickness on electrical resistivity measurements, the concrete
moisture condition plays a major role. For dry concrete with a larger concrete electrical
resistivity, it was observed that rebar mesh density and concrete cover thickness do not play a
role in affecting electrical resistivity measurements. For semi-saturated concrete moisture
conditions, as concrete cover thickness becomes small, rebar mesh becomes of greater influence
to electrical resistivity measurements. Within a semi-saturated concrete moisture condition, the
8-inch spaced rebar has nearly the same effect on electrical resistivity measurements as the 4-
inch spaced area; therefore, rebar mesh density does not play a role but a small concrete cover
thickness does. For saturated concrete, rebar mesh density and concrete cover thickness play a
role, where for denser rebar mesh under a small concrete cover thicknesses, electrical resistivity

values decrease.

As chloride ingress progressed, electrical resistivity measurements did not solely
decrease, but rather increased or stayed approximately the same. It is assumed that the bound
chlorides may impact electrical resistivity more than free chlorides, in that bound chlorides may
be creating for discontinuity within the concrete pore network, counteracting the effect of free
chlorides, and increasing electrical resistivity measurements. Crystallization of the bound

chlorides may also be aiding in the effect of electrical resistivity of concrete.

After corrosion initiation, as concrete cover thickness increases, the correlation between
half-cell potential and electrical resistivity values was observed to decrease. This could be due to
the larger distance between embedded rebar and the concrete surface, or greater variability

within the concrete cover in terms of chloride ingress and bound chlorides.
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For future research, it is suggested that measurements are conducted over an epoxy
coated rebar reinforced concrete slab with its own unreinforced section in order to identify the
effects of epoxy coated rebar, as well as chloride ingress and chloride-induced corrosion for
epoxy coated rebar mesh, on electrical resistivity measurements. It is also suggested to conduct
chloride profiling for reinforced concrete slab specimens during chloride ponding in order to
better quantify the ingress of chlorides and correlate the effect of chloride ingress on electrical
resistivity measurements. Petrographic analyses on concrete specimens from reinforced concrete
containing chlorides over an area where chloride-induced corrosion is identified would also aid
in the understanding of the chloride structure within the concrete pore network and its effect on
electrical resistivity measurements. The effects of advanced levels of corrosion on the electrical
resistivity measurements need to be further studied to understand if (1) corrosion affects
resistivity measurements in later stages of deterioration, and (2) corrosion can be detected using

electrical resistivity measurements.
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